The effects of initial powder size on in situ carbide morphology, hardness and the corrosion resistance in Fe-based cladding layers were studied. The results indicated that Ti-V carbides were obviously refined with decreasing the ferrotitanium-ferrovanadium, graphite and iron powder particle size. However, decreasing the iron powder size individually leads to carbides growing and aggregating. The refinement of carbides was mainly controlled by the graphite particle size. The hardness displayed the tendency rising up at the beginning and declining in late, and the corrosion resistance increased about as powders decreased from 180-380 μm to 23-38 μm. The layer obtained using the alloy powder with a size of 75-150 μm showed a higher hardness and a better corrosion resistance simultaneously. The galvanic corrosion was the main type of corrosion in the cladding layers, regardless of the size of the carbides.
INTRODUCTION
Due to the unique advantages of laser cladding, which include a limited heat affect zone, small stress deformation, low dilution ratios and superior metallurgical bonding with the substrate, it has been widely studied. Ceramics (carbides [1] [2] [3] , oxides [4, 5] , nitrides [6] [7] [8] and borides [1, 5] ) reinforced metal matrix (Ni-based [9] [10] [11] [12] , Co-based [8, 13] and Fe-based [1, 3, 14] ) laser cladding composite coatings show good application prospects for improving wear and corrosion resistance of alloy materials. As the size of the ceramic particles decreases, the cladding layer displays improved properties [15, 16] . In our previous studies [17, 18] , it was found that as the particle size of Ti-V carbides decreased, the hardness and corrosion resistance of the cladding layers increased. Currently, researchers are dedicated to improving cladding layer properties by optimizing the composition of cladding alloy powders [19] [20] [21] , or the process of laser cladding [22] [23] [24] . Unfortunately, there are limited reports focused on optimizing the particle size of initial alloy powders.
It has been reported in the literature that the particle size of alloy powders may affect the microstructure and properties of the cladding layers [25] . Didier et al. [26] indicated that the smaller the particle size of 316 L stainless steel powder, the finer the microstructure of the cladding layer. Daichi et al. [27] indicated that the heat affected zone area was reduced by 22% upon changing the Ni-Cr-Si-B raw alloy powders particle size from 55 to 30μm. Shi et al. [28] found that a decrease of the particle radius leads to an earlier melting time. Deschuyteneer et al. [29] reported that there were obvious advantages in using smaller particles, and hence increased the NiCrBSi/WC laser cladding layers' wear resistance in sliding conditions. However, the microhardness of NiCr+Cr 3 C 2 cladding coatings tends to decrease with reduction of the powder size [30] . Previous studies indicated in situ Ti-V carbide particle-reinforced Fe-based laser clad composite layers possessed good hardness and wear resistance [17, 18, 31] . However, to the best knowledge of the authors, the particle size of initial alloy powders has not been comparatively studied. Therefore, the purpose of this study is to investigate the effect of ferrotitanium, ferrovanadium, graphite and iron powder particle size on in situ Ti-V carbides morphology, hardness and corrosion resistance of clad layers. Low carbon steel with a dimension of 80 mm×50 mm×8 mm was used as the substrate material, the surface of the samples was polished by abrasive paper and degreased by anhydrous ethanol before laser cladding. Fe-based alloy powders were composed of 26.00 wt.% ferrotitanium, 16.57 wt.% ferrovanadium, 6.23 wt.% graphite (99.50% purity) and 51.20 wt.% pure iron powders (98.50% purity). The chemical compositions of ferrotitanium and ferrovanadium powder are listed in Table 1 , and the particle size of cladding powders are listed in Table 2 . Mixed powders were preplaced onto the specimen surface, with approximate 1.0 mm thickness, by using a sodium silicate binder. Laser cladding was performed by a LASERLINE LDF-4000 semiconductor laser. The laser beam diameter, the optimized laser power, the scanning speed and the overlapping ratio in this investigation were 4.0 mm, 2050 W, 5.0 mm/s and 25%, respectively.
EXPERIMENTAL PROCEDURES
Phases of the coatings were analyzed using a Rigaku RINT-2000 X-ray diffractometer (Cu Kα). The cladding layers were etched with a 4% nitric acid alcohol solution, and the morphologies were observed using a Zeiss SUPRA55 scanning electron microscope and a Leica optical microscope. The average grain size of the cladding layers were measured using the area method. The microzone composition was investigated using an energy dispersive spectrometer (EDS). Microhardness measurements were performed using a microhardness Vickers tester with a load of 200 g applied for 15 s. Polarization curves of laser cladding specimens were measured in a 3.5 wt.% NaCl solution at room temperature and were conducted with a scan rate of 1 mV/s by a Gamary electrochemical workstation. A saturated calomel electrode (SCE) was used as the reference electrode, a platinum electrode was used as the counter electrode, and the treated laser cladding specimens was used as the working electrodes. To stabilize the open-circuit potential, the samples were immersed in the solution for 30 min before each test. The tests were repeated three times to ensure reliability. The polarization curves were calculated from the Tafel extrapolation method. The corrosion current density was determined by calculating Tafel line slips. Corrosion morphologies after running the polarization test were observed by SEM.
RESULTS AND DISCUSSION
As shown in Fig. 1 , both the prepared and cladding layer surface of S3 are smoother than that of S1, which means that the finer powders show better cladding forming under the same heat input. Therefore, the finer powers can be cladded with a higher scanning speed hence improving the cladding efficiency. Daichi et al. [27] pointed out that the heat input required for layer formation was found to decrease as smaller particles were used, and their reaserch certified that the smaller the alloy powder size, the better the layer formation. As the smaller initial alloy powders possesses a higher laser absorption efficiency during laser cladding [32, 33] , a higher heat input was obtained. Moreover, the surface of the S3 cladding layer is coated with some black oxides as shown in Fig. 1(d) , meaning that the finer powder undergoes more serious oxidations during laser cladding. Fig. 2 . Following analysis of the XRD patterns, there is α-Fe, TiC and TiVC 2 in all of the cladding layers and the diffraction peaks of γ-Fe indicates that there is also retained austenite in the S3 and S4 cladding layers. Furthermore, the full width at half maximum (FWHM) of α-Fe (110) crystal face diffraction peak in S1, S2, S3, S4, S5 and S6 is 0.528, 0.810, 0.400, 0.484, 0.355 and 0.257, respectively. According to the Scherrer equation of Dβcosθ=Kλ (where D is the crystallite size, β is the FWHM, θ is the Bragg angle, K is the Scherrer constant and λ is the X-ray wavelength) [34, 35] , it can be indicated that the cladding layer matrix grains were refined first and then coarsened with the decrease of the initial alloy powder size in S1-S3. Optical microscope images of S1 and S3 cladding layers are shown in Fig. 3 . After being analyzed, the average grain size of the S1 and S3 cladding layer matrix is approximately 4.98 μm and 7.28 μm, which shows the same variation tendency of matrix grain size compared with the XRD analysis. Secondary electron micrographs of S1-S3 cladding layers are presented in Fig. 4 . It is observed that the lath martensite in S1 and S2 transforms into plate martensite in S3. The in situ formed carbides distribute more and more uniformly, and the size of the carbides decreases as the size of the alloy powders is reduced. The average size of the carbides in S1, S2 and S3 is 1.91 μm, 0.89 μm and 0.70 μm, respectively. The carbide average size in S3 decreased 63.35% compared with that in S1. With the decrease of the particle size of the powders, the alloy elements were distributed more uniformly in the molten pool that reduced the carbide nucleation concentration fluctuations. The serious oxidation decreased the concentration of the alloy elements that lowered the nucleation temperature of the carbides. These were beneficial to increase the carbides nucleation undercooling, hence increased the nuclei numbers of the carbides. Consequently, the particle size of the carbides decreased obviously.
Generally, the cladding layer matrix could heterogeneously nucleate on the TiC and TiVC 2 carbides, thus the finer carbides increased their nucleation number, so the S2 cladding layer shows a smaller grain size. The heat input during laser cladding increased as the powder size decreased, which caused the grains to grow in S3 cladding layer.
In addition, it is also observed that there is a black core in some of the carbides, and the EDS face scanning analyses are shown in Fig. 5 . The result shows that the black core is mainly composed of Al and O elements, so it can be ascertained as aluminum oxide. In addition, the amount of aluminum oxide increases from S1 to S3 which indicates that the Al element undergoes more and more serious oxidation. The oxidation of aluminum and titanium was propitious to carbon transition [36] , so the cladding layer microstructure transformed from lath martensite into plate martensite in S3. The appearance of the retained austenite in S3, might be attributed to the mechanical stabilization caused by the plate martensite [37, 38] . Zou et al. [39] reported that the amount of retained austenite in Febased cladding layers increased first and then decreased with the addition of Cr increased in a certain range, which was also caused by the chemical stabilization and the mechanical stabilization. shows the secondary electron micrographs of the S4-S6 clad layers. In the S4 clad layer, there are many big flower-like carbides and a large amount of plate martensite. In the S5 cladding layer, there are two kinds of carbides, one with a small size of 0.11 μm -0.60 μm and one with a big size of 0.90 μm-2.10 μm. Besides polygonal block carbides, there are many white strip compounds in the S6 cladding layer, the EDS spot analyses results of the A spot in Fig. 6 (c) is shown in Fig. 7 . The analyses results showed that there were mainly Fe, Ti and V elements in the A spot, thus the white strip compound can be ascertained as Fe-Ti-V eutectics. The average size of the carbides in S4, S5 and S6 is 2.65 μm, 0.49 μm and 1.48 μm, respectively, which increases 38.74%, decreases 74.35% and 22.51% compared with that in the S1 cladding layer. Therefore, it can be inferred that decreasing iron powder size individually leads to carbides growing and aggregating. In contrast, the decreasing graphite or ferrotitanium and ferrovanadium powder size individually can refine carbides. In addition, the refinement of the carbides caused by graphite is much more obvious than ferrotitanium and ferrovanadium. Fig. 8 shows the schematic diagram of the prepared initial alloy powders in S4-S6 layer. It is reported that finer powders melt more rapidly than coarse powders under the same laser beam [32, 33] . In addition, Kanury put forward a kinetic model for metal and nonmetal reactions, that was the metal melts and flows around the nonmetal particle, an intermediate (liquid) complex is formed, the metal ions diffuse from the melt, across the complex, to readily react with the nonmetal at its surface [40] . Hence, the quick-melting of finer iron powders creates conditions for titanium and vanadium elements diffusing toward graphite, which is beneficial to carbides growth in S4. For S5, finer graphite powders are distributed evenly between iron, ferrotitanium and ferrovanadium powders, resulting in increasing the nucleation number of the carbides which is conducive to the refinement of the carbides. In S6, the quick-melting of finer ferrotitanium or ferrovanadium powders flows around graphite, and they were also diffused into the initial position of the iron powder under the concentration gradient action thus causing Fe-Ti-V eutectics. The average hardness from the S1 to the S6 cladding layer is 700 HV0.2, 820 HV0.2, 510 HV0.2, 670 HV0.2, 560 HV0.2 and 380 HV0.2, respectively, as shown in Fig. 9 . It can be observed that the hardness increases first and then descends later as initial alloy particle sizes of the powders are reduced. It can be known that the strength and the toughness increased as reducing the average grain size according to the Hall-Petch relationship [41] , which in turn enhanced the fine-grain strengthening effect. Therefore, the finer matrix grains and more uniformly distribution of the carbides in S2 cladding layer increased its hardness. Zou et al. [18] also found that the microhardness increased with the average grain size of Fe-based cladding layer and the carbide particle size decreased. Although the size of the carbides decreased, the growth of the cladding layer matrix grains and the appearance of the retained austenite in S3 cladding layer caused its hardness to decrease 190 HV0.2 compared with S1 cladding layer. Moreover, the reason for the S6 cladding layer shows the lowest hardness can be attributed to the maximum layer matrix grain size. Figure 9 . Microhardness distribution curves on the cross section of cladding layers Fig. 10 shows the potentiodynamic polarization curves of the S1-S6 cladding layers in 3.5 wt.% NaCl solution. As shown in Table 3 , the corrosion potential shifted to positive, both the I corr and the β a decreases from S1 to S3 cladding layer, which means that the corrosion resistance increases as the initial powder size decreasing. Morevoer, the absolute value of the β a in S1, S2 and S3 was smaller than that of β c , however, the absolute value of the β a in S4 was much bigger than that of β c , which means that the corrosion process was controlled by the anodic reaction of the Fe+2e -→Fe 2+ . The I corr and the β a indicates the S3 displays a best corrosion resistance, which is approximately 2.8 times compared with that of the S1 cladding layer. On one hand, the enhanced corrosion potential was good for reducing the corrosion tendency. On the other hand, the reduction of the particle size of the carbides decreased the galvanic corrosion that was generated between the carbides and layer matrix, and the decreasing of the amounts of grain boundaries caused by grains growth decreased the galvanic corrosion that generated between cladding layer matrix grains and grain boundaries. Therefore, the corrosion resistance of the S3 cladding layer increased. The corrosion morphologies of the S1, S3 and S4 cladding layers after running the potentiodynamic polarization test are shown in Fig. 11 . It is observed that the S1 surface is uneven and the S3 surface is smooth, which means that the S3 cladding layer showed a better corrosion resistance. However, a few strip shallow corrosion pits along the grain boundaries. The refinement of the carbides and the growth of the cladding layer matrix grains reduced the galvanic corrosion and therefore improved its corrosion resistance. Remarkably, there are many heavy corrosion marks around large carbides in the S4 cladding layer, as clearly shown in Fig. 11(c) (d) . The reason why the S4 cladding layer displays the worst corrosion resistance can be attributed to the severe galvanic corrosion that occurred between the cladding layer matrix and large carbides.
Therefore, it can be inferred that the galvanic corrosion, was the main corrosion type in the cladding layers, regardless of whether the carbides were large or small. Corrosion occurred between the cladding layer matrix and the carbides when they were large; on the contrary, corrosion occurred between the grains and their boundaries in the cladding layer matrix. Figure 11 . Corrosion morphologies after running potentiodynamic polarization of (a) S1 (b) S3 and (c) (d) S4 cladding layers
CONCLUSION
(1) There are obvious effects of initial alloy powder particle size on the carbides size, hardness and corrosion resistance of in situ Ti-V carbides reinforced Fe-based clad layers. With decreased initial alloy powder size, the size of the carbides also decreased, which was mainly controlled by the graphite particle size; the microstructure of the cladding layer changed from lath martensite into plate martensite and retained austenite. The decreasing iron powder size individually leads to the carbides growth and aggregation (2) The hardness of the cladding layer increased first and descends later, but the corrosion resistance increased with the reduction of the particle size of the alloy powders. The layer obtained using the alloy powder with a size of 75-150 μm showed a higher hardness and a better corrosion resistance simultaneously. Galvanic corrosion was the main type of corrosion in the cladding layers, regardless of the carbide size.
